Pancreatic cancer is a major cause of cancer-related death, with a 5-year overall survival rate being below 5%. The main causes of poor prognosis in pancreatic cancer include easy metastasis, high recurrence rate, and robust drug resistance. Gemcitabine is a first-line drug for patients with unresectable pancreatic cancer. However, due to drug resistance, the clinical effect is not satisfactory. ADAM28 is reported as a tumor promoter in some cancers, but its role in pancreatic cancer and gemcitabine chemoresistance in pancreatic cancer has not been elucidated.
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INTRODUCTION
Pancreatic cancer is a common malignant tumor, and its symptoms are not obvious [1] . Even in the early stage, local tumor infiltration and distant metastasis are often observed in the clinical practice. Thus, most patients have no chance of radical surgery when they are diagnosed, and only about 15%-20% of patients with pancreatic carcinoma have the opportunity for surgery [2] [3] [4] . Chemotherapy is an important treatment method for pancreatic carcinoma. Gemcitabine is the first-line drug for chemotherapy in pancreatic carcinoma. Although the application of gemcitabine has a certain effect in terms of clinical benefit, it has limited control of progression of pancreatic carcinoma [5, 6] . However, chemoresistance is a tough barrier in the treatment of pancreatic carcinoma, and the prognostic study has confirmed that the clinical effectiveness of gemcitabine is below 20% [7, 8] . Therefore, an in-depth understanding of the molecular mechanism for the regulation of gemcitabine chemoresistance is important, and identification of novel drug targets is a viable strategy for drug resistance reversal.
ADAM28 is a membrane-located protein, which is implicated in a variety of biological process, including tooth development, muscle development, neurogenesis, catalytic activity, and cell-cell interactions [9] [10] [11] . The biological function study also reveals that ADAM28 is involved in hyperostosis cranialis interna and some cancers [12, 13] . In breast and colorectal cancers, ADAM28 is highly expressed and promotes proliferation via regulation of insulin-like growth factor binding protein 3 (IGFBP-3) [14, 15] . As a ligand for the integrin receptor, ADAM28 also mediates the metastasis of non-small cell lung carcinoma and the lymphocyte adhesion [16, 17] . Also, ADAM28 was identified to bind P-selectin glycoprotein ligand-1, and the expression of ADAM28 enhanced the leukocyte adhesion to endothelial cells under inflammatory conditions [18] . In the aspect of diagnostic study, ADAM28 was overexpressed and characterized as a biomarker for bladder transitional cell carcinoma [19] . As a protein with catalytic activity, ADAM28 could cleave IGFBP-3 and von Willebrand factor [14, 20] . Besides, ADAM28 could promote TNFα shedding and is involved in metabolic dysfunction [21] . The mechanism study also revealed that ADAM28 could activate the PI3K/AKT pathway, and ADAM28 was also reported as a key component in EGFR signaling [22, 23] .
In this study, we explored the role of ADAM28 in the development of drug resistance to gemcitabine. More importantly, we identified that ADAM28 was an important prognostic factor in pancreatic cancer. And the pathway analysis showed that ADAM28 was closely associated with the regulation of drug metabolism, especially the drug resistance-related genes. These findings give a better understanding of the role of ADAM28 in gemcitabine resistance of pancreatic cancer cells.
MATERIALS AND METHODS

Reagents
Leibovitz's L-15 cell culture medium (Cat. 11415114), fetal bovine serum (FBS), penicillin-streptomycin (Cat. 15140122), lipofectamine 3000, and TRIzol RNA purification kit (Cat. 12183555) were purchased from ThermoFisher Scientific. Firststrand cDNA synthesis kit with genomic DNA digester, ECL reagents, and qPCR SYBR Green Mix were all purchased from Yeasen Biotech. ADAM28 polyclonal antibody (Cat. 22234-1) and β-actin antibody (Cat. 20536-1) were obtained from Proteintech Group. The primers of the indicated target genes for RT-PCR were produced by Invitrogen. Gemcitabine was from TCI, and other chemical reagents are analytical grade and were provided by Aladdin.
Cell culture
SW1990 pancreatic cancer cells, obtained from the American Type Culture Collection (ATCC), were cultured in L-15 medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. And the culture condition was set at 37 °C in humidified air with 5% CO 2 . Gemcitabine resistant SW1990 cells were established as previously reported, and the resistance index was used to confirm the construction.
Gene Expression Omnibus (GEO) analysis
Differentially expressed genes (DEGs) were identified in the GEO database. The GSE35141 profile was included with GEO2R tool for DEGs identification in the gemcitabine-resistant cells and sensitive parallel cells [24] . The analysis is shown as a volcano plot, with a threshold of fold change (FC) ≥ 1.5 and a P-value < 0.01.
Reverse transcription-polymerase chain reaction (RT-PCR)
The cells were collected with a cell scraper and washed with cold PBS solution twice. Then, the cells were lysed with TRIzol RNA extraction reagent according to the manufacturer's protocol. The purified RNA was used for the first-strand cDNA synthesis with a reverse transcription kit. SYBR Green qPCR was used to evaluate the mRNA levels of indicated genes. β-actin was used as a normalized gene, and the data were analyzed using the 2 -ΔΔCT method.
Western blot assay
The indicated cells were washed with cold PBS twice, collected with a cell scraper, and treated with RIPA lysis buffer on ice for 30 min. Then, the whole solution was subjected to centrifugation at 12000 g/min for 15 min. The supernatant was collected, and protein loading was normalized with BCA assay. The total protein (20 μg) was then subjected to 10% SDS-PAGE, and transferred to PVDF membranes. With incubation of skimmed milk for 1 h at room temperature, the membranes were incubated with indicated primary antibody overnight. The detection was achieved using the enhanced chemiluminescence (ECL) system.
The Cancer Genome Atlas (TCGA) analysis
The expression data of pancreatic cancer were obtained from TCGA, and the ADAM28 levels were analyzed with transcripts per million (TPM) as log 2 (TPM + 1) in Gene Expression Profiling Interactive Analysis (GPEIA) portal [25] . The clinical parameters and survival data were also acquired in the TCGA pancreatic cancer database, and the overall survival (OS) and relapse-free survival (RFS) rates were analyzed by the Kaplan-Meier Plotter. Also, the correlation analysis of indicated genes was evaluated in GPEIA portal.
Clinical tissue analysis
A total of 16 pancreatic ductal adenocarcinoma tissues and corresponding adjacent normal pancreatic tissues were collected in the surgery, and the tissues were stored at a -80 °C freezer. The tissues were subjected to homogenization, and then total RNA was extracted for RT-PCR. The study was approved by the Ethical Committee of the Third Affiliated Hospital of Sun Yat-Sen University.
Cloning and transfection
The full length of human ADAM28 transcript was cloned into the pcDNA3.1 (+) vector. The primers for the overexpression construct are: Forward primer, 5'-GGG GTA CCA TGT TGC AAG GTC TCC TGC CA-3'; reverse primer, 5'-CCG GAA TTC TCA TGC TTT TGG ATT TGA GTCC-3'. The knockdown construct was achieved with a pSuper knocking down system as previously reported [26] . The knockdown sequence was designed at the Sigma shRNA section, and the detailed sequence is: 5'-CCG GGC AAG AAC TAA TGG CTA AAT TCT CGA GAA TTT AGC CAT TAG TTC TTG CTT TTTG-3'. The constructs were confirmed by sequencing. Lipofectamine 3000 was used for transfection in SW1990 cells. Briefly, the plasmid and lipofectamine 3000 were diluted in Opti-MEM medium, respectively, and the two solutions were softly mixed at a ratio of 1:1, and stored at room temperature for 20 min. Then, the mixture was added into the cells.
Cell counting kit-8 (CCK-8) assay
The cells were plated in a 96-wells plate and treated for 24 h. Then, the CCK-8 reagent was added into cells for another 4 h culture. And the absorbance was examined with a microplate reader at 450 nm.
Gene set enrichment analysis (GSEA) for pathway analysis
ADAM28 and its co-expressed genes were identified by analyzing TCGA pancreatic cancer database. Then, the c2. Cp. kegg. V6.1. symbol. gmt and c5. all. v6. 1. Symbols. gmt gene datasets were downloaded from the GSEA and MsigDB portal. The expression data were analyzed using GSEA version 3.0 portal. The enrichment analysis was performed and showed from high enrichment score to low enrichment score. The gene clusters with a false discovery rate (FDR) < 0.25 and P-value < 0.05 were considered as significantly enriched genes [27] .
Statistical analysis
The results were analyzed with GraphPad version 8. The Chi-squared test was used to analyze the counting data of RNA-sequence. Student's t-test was used to analyze the difference between two groups. The log-rank test and Kaplan-Meier analysis were conducted to evaluate the survival rates. P < 0.05 was considered significant.
RESULTS
Identification of ADAM28 as a novel chemoresistance-related gene in pancreatic cancer cells
To explore a potential target to overcome gemcitabine resistance in pancreatic cancer therapy, GSE35141 [28] was subjected to evaluation and the results showed that ADAM28 was a significantly upregulated gene in the gemcitabine-resistant cells compared with the parallel sensitive cells according to the fold change and statistical difference ( Figure 1A ), suggesting that ADAM28 might be involved in the regulation network of drug resistance, and it was therefore selected for the further characterization. To explore the potential role of ADAM28 in chemotherapy, human pancreatic cancer SW1990 cells were treated with different doses of gemcitabine, and the ADAM28 expression was examined by qRT-PCR. The data showed increased expression of ADAM28 in a dose-dependent manner with the treatment of gemcitabine for 24 h ( Figure 1B ). Furthermore, ADAM28 expression was determined in the gemcitabine-resistant SW1990 cells and parallel cells, as shown in Figure 1C and D, and the results revealed that ADAM28 was elevated in the gemcitabineresistant cells at both the mRNA and protein levels, which is consistent with that shown in Figure 1A , suggesting that ADAM28 may be involved in the regulation of gemcitabine metabolism in chemoresistance.
ADAM28 is overexpressed in pancreatic cancer tissues
We next evaluated the expression of ADAM28 in the pancreatic tumor tissues and adjacent normal tissues based on GSE16515 [29] and GSE15471 [30] . The results showed that compared with adjacent normal pancreatic tissues, the expression level of ADAM28 was significantly higher in pancreatic cancer tissues (Figure 2A -C). As tumor type is an important factor in the target identification, especially for pancreatic cancer, whose tumor microenvironment is more complex than other tumors, we next determined that expression of ADAM28 in different types of pancreatic cancer. As shown in Figure 2D , ADAM28 was highly expressed both in basal and classical types of pancreatic tumors, and more interestingly, the expression level of ADAM28 was slightly increased in classical pancreatic tumors than in basal pancreatic tumors. To confirm the overexpression of ADAM28 in pancreatic cancer, a total of 16 patients with pancreatic tumor were subjected to examination of ADAM28 expression in the tumor and adjacent tissues. As shown in Figure 3A , the expression of ADAM28 was remarkably increased in pancreatic tumor tissues than in normal pancreatic tissues. The ratio between the expression of ADAM28 in the tumor and adjacent normal tissues is shown in Figure 3B . The 2-fold difference was used as a filter, which was considered that the high expression of ADAM28 in tumor than adjacent normal tissues. The results showed that 13 (about 80%) patients had overexpression of ADAM28 in the pancreatic tumor tissues, indicating the significance of ADAM28 in pancreatic cancer.
High ADAM28 expression predicts a poor prognosis in pancreatic cancer
To explore the clinical significance of ADAM28 in pancreatic cancer, Kaplan-Meier analysis was performed. The results showed that patients with higher expression of ADAM28 had shorter OS and RFS ( Figure 4A and B) . The median OS of the high expression cohort was 17.23 mo, which was less than that of the low expression cohort (22.8 mo). The median RFS of the low ADAM28 expression cohort was 50.37 mo, which was obviously longer than that of the high expression cohort (16.2 mo). These results revealed the prognostic value of ADAM28 in pancreatic cancer patients. As recently reported, tumor mutation burden (TMB) with some specific genes could predict the prognosis outcome in some cancers [31] . Hence, we evaluated the role of TMB of ADAM28 in the prediction of outcome in pancreatic cancer patients. The data showed that in patients with high TMB, the OS of the high ADAM28 expression cohort showed was poorer than that of the low ADAM28 expression cohort (15.53 mo vs 44.4 mo) ( Figure 4C and D) . Conversely, in patients with low TMB, compared with the high ADAM28 expression cohort (17.23 mo), the median OS of the low expression cohort slightly increased (22.8 mo). These data suggested that high ADAM28 mutation burden in pancreatic cancer is a marker for poor prognosis.
Role of ADAM28 in resistance of SW1990 pancreatic cancer cells to gemcitabine
Treatment with gemcitabine could enhance the ADAM28 mRNA expression, and compared with parallel sensitive cells, ADAM28 expression was upregulated at both the mRNA and protein levels. These results indicated that ADAM28 is a novel chemoresistance target in pancreatic cancer. Then, to study the potential role of ADAM28 in the chemoresistance to pancreatic cancer therapy, we constructed SW1990 cell lines with stable overexpression or knock-down of ADAM28, and as shown in Figure 5A -D, the efficiency of overexpression or knock-down was remarkable at both the protein and mRNA levels. We then examined the role of ADAM28 in cell viability inhibition by gemcitabine in SW1990 cells. As shown in Figure 5E and 5F, overexpression of ADAM28 was able to significantly impair the cell viability inhibition by gemcitabine, and this result is consistent with the overexpression of ADAM28 in the resistant cells. Thus, ADAM28 may contribute to the occurrence of gemcitabine resistance in pancreatic cancer cells. We then hypothesized that inhibition of ADAM28 might restore the gemcitabine sensitivity in pancreatic cancer cells. Subsequently, we tested the response to gemcitabine in ADAM28 knock-down cells and scramble control cells, and the data showed that ADAM28 inhibition partially enhanced sensitivity to gemcitabine in SW1990 cells. 
ADAM28 is closely associated with drug resistance-related signaling pathways
To study the molecular mechanism of ADAM28 in the gemcitabine resistance of pancreatic cancer cells, the enrichment analysis of ADAM28 and its co-expression network in pancreatic cancer was performed. GSEA analysis showed that ADAM28 was closely correlated with drug metabolism, steroid hormone biosynthesis, TNF signaling pathway, NOD-like receptor signaling pathway, NF kappa B signaling pathway and so on ( Figure 6A ). And the most significantly different pathway was drug metabolism, and the normalized enrichment score of drug metabolism was up to 2.023 ( Figure 6B ). This result was certified by the involvement of ADAM28 in gemcitabine resistance in pancreatic cancer. Then, to examine whether ADAM28 functions as a mediator in drug resistance and its relationship with other drug resistance-related molecules, the correlations of ADAM28 with GSTP1, ABCC1, GSTM4, and BCL2, which were reported as drug resistance-related genes in the regulation of drug delivery and apoptotic pathways [32] , were determined. The correlation coefficients of ADAM28 with GSTP1, ABCC1, GSTM4, and BCL2 were 0.53, 0.52, 0.37, and 0.25, respectively ( Figure 6C ), suggesting that ADAM28 contributes to gemcitabine resistance possibly by regulation of these molecules.
DISCUSSION
Pancreatic cancer is one of the most serious malignant tumors. Among digestive system tumors, the incidence and mortality of pancreatic cancer are second only to colorectal cancer according to the cancer statistics in 2019. Clinical studies have demonstrated that resistance to chemotherapy is the most important factor for restricting the therapy of pancreatic cancer and contributes to its low survival rate and poor prognosis. Thus, identification of novel targets for overcoming drug resistance is a practical strategy for the treatment of pancreatic cancer.
In this study, we identified a novel gene in gemcitabine-resistant pancreatic cancer cells. Compared with the sensitive cells, ADAM28 was overexpressed in gemcitabineresistant pancreatic cancer cells, and treatment with a low dose of gemcitabine could induce the expression of ADAM28. Thus, ADAM28 may be involved in the occurrence of resistance to gemcitabine therapy in pancreatic cancer. Furthermore, to evaluate the role of ADAM28 in pancreatic cancer, we examined the expression of ADAM28 in pancreatic cancer and adjacent normal tissues, and we found that ADAM28 was highly expressed in tumor tissues, suggesting the significance of ADAM28 in pancreatic cancer. Previous studies also revealed the overexpression of ADAM28 in prostate cancer and breast cancer [14, 33] . Thus, ADAM28 may be a drug target in a variety of tumors. More importantly, the OS and RFS analysis revealed that high ADAM28 expression in pancreatic tumor tissues predicted a poor prognosis. Similarly, ADAM28 expression was correlated with lymph node metastasis [33, 34] . And more surprisingly, the prognostic prediction by high ADAM28 expression was only applied to patients with high TMD. Also, we confirmed that overexpression of ADAM28 in SW1990 cells could decrease the effect of growth inhibition by gemcitabine. Considering the overexpression of ADAM28 in pancreatic tumors, we concluded that ADAM28 may contribute to the occurrence of gemcitabine resistance in pancreatic cancer cells. And the knockdown of ADAM28 could enhance the sensitivity of gemcitabine to pancreatic cancer cells. Also, the enrichment analysis of ADAM28 in pancreatic tumors revealed that ADAM28 was closely associated with drug metabolism, steroid hormone biosynthesis [35, 36] , TNF signaling pathway [37] , NODlike receptor signaling pathway [38] , and NF kappa B signaling pathway [39] , all of which were reported as key mediators for the regulation of the multidrug resistance-related signaling pathways. In addition, ADAM28 was positively correlated with some key multidrug resistant-related genes, such as ABCC1, GSTP1, GSTM4, and BCL2. Taken together, this discovery gave us an idea that inhibition of ADAM28 may be a potential strategy for rescuing drug resistance in the therapy of pancreatic cancer.
In conclusion, we show for the first time that ADAM28 is a novel chemoresistancerelated gene, and its overexpression in pancreatic tumors may be a window for overcoming drug resistance and provide guidance for prognostic evaluation. 
ARTICLE HIGHLIGHTS
Research background
Pancreatic cancer, called the king of cancer, contributes to high mortality rates. Drug resistance is a major concern to the treatment of pancreatic cancer, and the mechanism of the occurrence of drug resistance in pancreatic cancer is complex and still not clear. ADAM28 was previously reported as an oncogene in some cancers, but its role in pancreatic cancer is not clear, especially in the development of chemoresistance to gemcitabine.
Research motivation
To fully understand the role of gemcitabine in the development of chemoresistance to gemcitabine, and to discover a novel the therapeutic target for pancreatic cancer.
Research objectives
To explore the expression and significance of ADAM28 in pancreatic cancer, especially in the regulation of chemoresistance to gemcitabine.
Research methods
Bioinformatic analysis was performed to explore novel targets for the chemoresistance to gemcitabine in pancreatic cancer. RT-PCR and Western blot were used to study the expression of ADAM28. GEO and TCGA analyses were conducted to analyze the expression of ADAM28 in pancreatic cancer. Kaplan-Meier Plotter was used to show the OS and RFS rates of pancreatic cancer patients. Cell viability was performed by CCK-8 assay. GSEA was used to explore the ADAM28 and its co-expression network.
chemoresistance to gemcitabine. We further analyzed the expression of ADAM28 and its significance in pancreatic cancer, indicating that ADAM28 could be a good biomarker to predict the prognosis. However, the detailed regulation mechanism of ADAM28 in pancreatic cancer needs further evaluation.
Research conclusions
ADAM28 is overexpressed in pancreatic cancer, and its overexpression contributes to gemcitabine chemoresistance. ADAM28 is an important mediator that participates in the regulation of chemoresistance-related signaling pathway. High expression of ADAM28 in pancreatic cancer can be used as a biomarker to predict the poor prognosis. ADAM28 might be a potential therapeutic target for overcoming chemoresistance to gemcitabine.
Research perspectives
Based on the bioinformatic analysis and in vitro experiments, ADAM28 was identified as a novel therapeutic target for pancreatic cancer, especially in the occurrence of drug resistance. In the future studies, an in-depth exploration of the ADAM28-mediated drug resistance signaling pathway will be very meaningful.
